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ABSTRACT 

D e t a i l s  a r e  p r e s e n t e d  on  a c o l o r  S c h l i e r e n  sys tem b e i n g  

d e v e l o p e d  to a i d  i n  t h e  analysis o f  complex c o m p r e s s i b l e  

f l u i d  f l o w s .  T h i s  sys tem r e q u i r e s  o n l y  s m a l l  m o d i f i c a t i o n s  

t o  c o n v e n t i o n a l  S c h l i e r e n  systems and p r o v i d e s  e x c e l l e n t  r e -  

siilts, Seiiei-6; p h e t t g i a p h s  c ~ m p a t l i i g  black a n d  w h i t e  w i t h  

c o l o r  r e s u l t s  a r e  p resen ted .  

1 NTRODUCT 1 ON 

The development  o f  t h e  c o l o r  S c h l i e r e n  sys tem d e s c r i b e d  

i n  t h i s  paper  was u n d e r t a k e n  i n  c o n j u n c t i o n  w i t h  s t u d i e s  o f  

s e p a r a t e d  c o m p r e s s i b l e  f l u i d  f l o w s  b e i n g  c a r r i e d  o u t  i n . t h e  

E m i l  B u e h l e r  Superson ic  Wind Tunnel  i n  t h e  Depar tment  o f  Me- 

c h a n i c a l  E n g i n e e r i n g .  The v a r i o u s  s e p a r a t i o n  and r e a t t a c h -  

ment phenomena under  s t u d y  often become q u i t e  c o m p l i c a t e d  as 

compared w i t h  t h e  i n v i s c i d  aerodynamic phenomena u s u a l l y  i n -  

v e s t i g a t e d  by o p t i c a l  methods. Because o f  t h i s  c o m p l e x i t y ,  

Some d i f f i c u l t y  i s  encoun te red  i n  i n t e r p r e t i n g  c o n v e n t i o n a l  

S c h l i e r e n  pho tog raphs .  

It i s  f e l t  t h a t  t h e  use o f  a c o l o r  S c h l i e r e n  w i l l  a i d  

i n t e r p r e t a t i o n  o f  t h e  observed phenomena, p a r t i c u l a r l y  i n  

i d e n t i f y i n g  r e g i o n s  o f  g r a d u a l  compress ion  or expans ion .  

S i n c e  t h e  eye seems t o  be m o r e  s e n s i t i v e  t o  changes i n  c o l o r  

t h a n  t o  changes i n  shades o f  g ray  t h e s e  r e g i o n s  w i l l  s t a n d  

o u t  i n  a c o l o r  S c h l i e r e n  p i c t u r e  much b e t t e r  t h a n  t h e y  wou ld  0 
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when using the conventional black an d  white Schlieren. These 

anticipations have been fulfilled by  the present system and 

these color Schlieren techniques may prove useful in m a n y  

other applications. However, using a color Schlieren system 

does have some disadvantages. Nameiy, it i s  expensive to re- 

produce c o l o r  p~.o?c~i-aphs, and technical j o u r n z l s  or l ' .+  p u b 1  ish 

black and white phoiographs. 

Standard compressibfe f l u i d  flow literature, for exam- 

ple references I ,  2, a n d  3; contain the basic theory a n d  

details of many possible Schlieren devices. The principles 

of operation of conventional Schlieren systems will therefore 

only be briefly reviewed here for convenience. 

CONVENTIONAL SCHLIEREN SYSTEM 

The basic Schlieren system in use at Rutgers i s  of the 

standard Toepler type, utilizing a mercury vapor light source 

and off-axis parabolic mirrors. This system in shown in F i g -  

ure 1 .  The light from the source is focused through a slit 

which lies in the focal ptane o f  the first parabolic mirror. 

This mirror then focuses the light into a parallel beam which 

is passed through the glass walled test section. Light which 

passes through regions of uniform flow will be undeflected 

(solid lines) and will emerge from the test section in a par- 

allel beam. It is then focused into a n  image of the slit 

source at the focal plane of the second parabolic mirror. 
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A knife edge i s  inserted at this focal plane so that It 

cepts about one-half of the source image when the flow 

i nter- 

s uni- 

form. Light which encounters density gradients normal to the 

light directlon within the test section will be deflected 

(dotted lines), and hence w i l l  not be focused into the image 

of the slit source. ?he image of an object i n  the test section 

i s  brought to focus in the camera b y  an external lens as shown. 

Details of the operation of a conventional Schlieren sys- 

tem are shown in Figure 2. Figure 2a shows undisturbed light 

rays converging to form an image of the source at the knife 

edge. For maximum sensitivity, the knife edge is adjusted to 

cut off approximately one-half of the light from the source 

thus g i v i n g  a uniformly gray image on the film. Density gra- 

dients in the flow could cause refraction of light rays as 

shown by the dotted lines in Figure 2b and 2c. The refracted 

rays of figure 2b miss the knife edge entirely thus causing a 

bright white illumination of t h e  upper pari of the film. Fig- 

ure 2c shows just the opposite case of refracted rays being 

blocked off completely by  the k n i f e  edge, causing a dark black 

ty gradients 

lei to the 

the film. 

image on the upper half of the film. If the dens 

were such that the light rays were refracted para 

knife edge, no change in illumination would occur at 

A Schlieren system is only sensitive to density grad 

having a component normal to the knife edge. 

ents 
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a COLOR SCHLIEREN 

T o  a c h i e v e  a c o l o r  S c h l i e r e n  system, t h e  c o n v e n t i o n a l  

k n i f e  edge i s  r e p l a c e d  by a t r i - c o l o r  f i l t e r .  The use o f  a 

t r i - c o l o r  f i l t e r  t o  o b t a i n  c o l o r  S c h l i e r e n  was chosen as a 

v a r i a t i o n  on one o f  t h e  many p o s s i b l e  schemes sugges ted  i n  

r e f e r e n c e  3.  More recently t h i s  t r i - c o i o r  i e c h n i q u e  has been 

sugges ted  i n  r e f e r e n c e  4. The m a t e r i a l s  used i n  t h e  c o n s t r u c -  

t i o n  o f  t h e  f i l t e r  a r e  c e l l u l o s e  a c e t a t e  f i l t e r  s h e e t s  wh ich  

a r e  n o r m a l l y  used f o r  c o l o r i n g  s p o t  l i g h t s  and o t h e r  t h e a t -  

r i c a  I work.  

The m a t e r i a l ,  w h i c h  i s  a p p r o x i m a t e l y  0.010 i n .  t h i c k ,  i s  

c u t  i n t o  s t r i p s  o f  t h e  r e q u i r e d  s i z e  and t h e n  mounted on a 

frame, see F i g u r e  3.  The c e n t e r  s e c t i o n  i s  a p p r o x i m a t e l y  

equa l  t o  t h e  w i d t h  o f  t h e  s l i t  image, a b o u t  0.020 i n .  The 

p r e s e n t  method o f  c o n s t r u c t i o n  i s  t o  c u t  t h e  f i l t e r  s h e e t s  

w i t h  o r d i n a r y  s c i s s o r s ,  b u t  some s c a t t e r e d  l i g h t  i s  encoun- 

t e r e d  due t o  t h e  ragged edges. A b e t t e r  method o f  o b t a i n i n g  

smooth j o i n i n g  edges i s  b e i n g  sought .  

0 

F i g u r e  4 shows t h e  d e t a i l s  o f  o p e r a t i o n  o f  t h e  p r e s e n t  

c o l o r  S c h l i e r e n  sys tem using a r e d - b l u e - y e l l o w  f i l t e r ,  The 

u n d i s t u r b e d  l i g h t  r a y s  of F i g u r e  4a a l l  pass t h r o u g h  t h e  

na r row b l u e  s l i t  p l a c e d  a t  t h e  image o f  t h e  l i g h t  source .  

T h i s  r e s u l t s  i n  a u n i f o r m  b l u e  i l l u m i n a t i o n  c f  t h e  f i l m .  When 

a d i s t u r b a n c e  i s  p r e s e n t  c a u s i n g  r e f r a c t i o n  o f  some l i g h t  r a y s  

( d o t t e d  l i n e s )  one g e t s  changes i n  c o l o r  on t h e  f i l m  image. 
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F i g u r e  4b shows l i g h t  r a y s  r e f r a c t e d  so t h a t  t h e y  pass 

t h r o u g h  t h e  y e l l o w  f i l t e r .  T h i s  r e s u l t s  i n  a y e l l o w  image 

c o l o r i n g  t h e  t o p  h a l f  o f  t h e  f i l m .  F i g u r e  4c shows l i g h t  r e -  

f r a c t e d  I n  the o p p o s i t e  d i r e c t i o n  so t h a t  t h e  r e f r a c t e d  rays 

now pass  t h r o u g h  t h e  r e d  f i l t e r  t h u s  c a u s i n g  a r e d  image on 

t h e  t o p  h a l f  o f  t h e  screen.  

D u r i n g  t h e  development  o f  t h e  p r e s e n t  system, many d i f -  

f e r e n t  c o l o r  c o m b i n a t i o n s  were t r i e d .  The p r e s e n t  s e t  was 

chosen as o f f e r i n g  t h e  b e s t  appearance and d i s c r i m i n a t i o n  b y  

eye  u s i n g  d i r e c t  o b s e r v a t i o n  o f  t h e  image on a screen.  I t  i s  

p o s s i b l e  t h a t  t h e  c o l o r  s e n s i t i v i t i e s  o f  c o l o r  f i l m s  w i l l  d i c -  

t a t e  a change i n  the c o l o r  c h o i c e ,  b u t  p r e s e n t  i n d i c a t i o n s  a r e  

t h a t  t h e  r e d - b l u e - y e l l o w  c o m b i n a t i o n  i s  a l s o  t h e  b e s t  pho to -  

0 g r a p h i c a l l y .  

V a r i o u s  o t h e r  m o d i f i c a t i o n s  were a l s o  t r i e d  such as a l -  

l o w i n g  t h e  c e n t r a l  s e c t i o n  t o  be open t o  w h i t e  l i g h t ,  as d i s -  

cussed i n  r e f e r e n c e  4, o r  b l o c k i n g  o f f  t h e  c e n t r a l  s e c t i o n  

c o m p l e t e l y .  The r e s u l t s  of t h e s e  t r i a l s  were u n s a t i s f a c t o r y  

and l e d  t o  t h e  r u l e  o f  thumb t h a t  a l l  t h r e e  c o l o r  f i l t e r s  

s h o u l d  have a p p r o x i m a t e l y  t h e  same t r a n s p a r e n c y .  Ano the r  

m o d i f i c a t i o n  t r i e d ,  a l s o  u n s a t i s f a c t o r i l y ,  was t h e  use  o f  a 

two  c o l o r  f i l t e r  w i t h  t h e  image o f  t h e  f i s h t  s o u r c e  p a s s i n g  

A 

h a l f  t h r o u g h  one c o l o r  and h a l f  t h r o u g h  t h e  o t h e r .  
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RESULTS 

E x c e l l e n t  r e s u l t s  have been o b t a i n e d  u s i n g  t h e  c o l o r  

S c h l i e r e n  sys tem w i t h  b o t h  3 5  mm. s t i l l  p h o t o g r a p h s  and 16 

m v .  h i g h  speed mot ion p i c t u r e s  ( s e e  r e f e r e n c e  5). B o t h  p h o t o -  

g r a p h i c  a p p l i c a t i o n s  employ an a u x i l i a r y  l e n s  p l a c e d  a f t e r  

t h e  k n i f e  edge +a r e f o c ~ s  +he test sectisn Imzge In t h e  pisne 

o f  t h e  f i l m .  S i n c e  t h e  o r i g i n a l  camera l e n s e s  a r e  removed i n  

t h i s  a p p l  i c a t i o n ,  t h e r e  a r e  no " f "  s t o p  s e t t i n g s  f o r  exposure  

a d j u s t m e n t .  I n s t e a d  t h e  sou rce  s l i t  w i d t h  i s  a d j u s t e d  t o  v a r y  

a r e f l e c t e d  l i g h t  m e t e r  r e a d i n g  t a k e n  on a s t a n d a r d  w h i t e  c a r d  

p l a c e d  i n  f r o n t  o f  t h e  camera. C o r r e l a t i n g  t h e s e  l i g h t  m e t e r  

r e a d i n g s  w i t h  r e s u l t s  e n a b l e s  one t o  d e t e r m i n e  t h e  c a r d  l i g h t  

m e t e r  r e a d i n g  f o r  p r o p e r  exposure  a t  a g i v e n  s h u t t e r  speed 

and f o r  a g i v e n  f i l m  A S A  number. 
0 

The 16 mm. h i g h  speed m o t i o n  p i c t u r e s  were  t a k e n  a t  ex-  

p o s u r e  t i m e s  v a r y i n g  f rom 0.0001 seconds t o  0.0005 seconds, 

depend ing  upon s l i t  w i d t h  and f rame r a t e .  The maximum f rame 

r a t e  used so f a r  i s  7000 f rames p e r  second. A c o m m e r c i a l l y  

a v a i l a b l e  16 mm. h i g h  speed m o t i o n  p i c t u r e  f i l m  w i t h  an  A S A  

r a t i n g  o f  200 has g i v e n  e x c e l l e n t  r e s u l t s .  D e t a i l s  o f  c o l o r  

m o t i o n  p i c t u r e s  used i n  t h e  a n a l y s i s  o f  u n s t e a d y  s u p e r s o n i c  

f l o w  phenomena c l e a r l y  show t h e  advan tage  o f  u s i n g  a c o l o r  

S c h l i e r e n  o v e r  t h e  c o n v e n t i o n a l  b l a c k  and w h i t e  system. 

Exposure  t i m e s  f o r  35 mm. p h o t o g r a p h s  v a r y  f r o m  0.002 

seconds t o  0.005 seconds depend ing  upon s o u r c e  s l i t h  w i d t h  
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and f i l m  A S A  number. E x c e l l e n t  r e s u l t s  have been o b t a i n e d  

u s i n g  c o m m e r c i a l l y  a v a i l a b l e  35 mm. c o l o r  f i l m  w i t h  A S A  num- 

b e r s  f r o m  25 t o  5 0 .  

F i g u r e s  5 t h r o u g h  7 a r e  examples of 35  mm. p h o t o g r a p h s  

t a k e n  us ing  b o t h  t h e  c o l o r  S c h l i e r e n  and a c o n v e n t i o n a l  

S c h l i e r e n  system. B o t h  t h e  b l a c k  and w h i t e  and t h e  c o l o r  

p h o t o g r a p h s  were t a k e n  w i t h  t h e  same e x p o s u r e  ( 0 . 0 0 2  seconds)  

and u s i n g  t h e  same f i l m  ( c o m m e r c i a l l y  a v a i l a b i e  c o l o r  f i l m  

o f  A S A  25) so t h a t  t h e  u s e  o f  a d i f f e r e n t  f i l m  wou ld  n o t  a f -  

f e c t  t h e  r e s u l t s .  The k n i f e  edge i s  h o r i z o n t a l  f o r  t h e  b l a c k  

and w h i t e  p h o t o g r a p h s  and t h e  b l u e  f i l t e r  i s  h o r i z o n t a l  f o r  

t h e  c o l o r  p h o t o g r a p h s .  

A 0.75 i n .  d i a m e t e r  space  c a p s u l e  model a t  Mach 2.5 i n  

a i r  i s  shown I n  F i g u r e s  5a a n d  5b. The r e c o m p r e s s i o n  r e g i o n  

where t h e  s e p a r a t e d  f low a b o u t  t h e  c a p s u l e  i s  t u r n e d  t o  an 

a x i a l  d i r e c t i o n  on t h e  s t i n g  s u p p o r t  i s  seen t o  be more d i s -  

t i n c t  i n  t h e  color p h o t o  ( F i g u r e  5 b )  t h a n  i n  t h e  b l a c k  and 

w h i t e  p h o t o  ( F i g u r e  5 a ) .  F i g u r e s  6a and 6b  show Mach 2 . 5  f l o w  

o v e r  a 0.25 i n .  d i a m e t e r  cone c y l i n d e r  model w i t h  a one i n c h  

d i a m e t e r  a f t e r b o d y .  D e t a i l s  o f  t h e  s e p a r a t i o n  r e g i o n  ahead 

o f  t h e  l a r g e  d i a m e t e r  c y l i n d e r  a r e  much c l e a r e r  i n  t h e  c o l o r  

p h o t o g r a p h s  ( f i g u r e  6 b ) .  Mach 2.5 f l o w  o v e r  a 60" i n c l u d e d  

a n g l e  cone w i t h  a n o t c h e d  s u r f a c e  i s  shown i n  F i g u r e s  7a and 

7b. Expans ion  and r e c o m p r e s s i o n  r e g i o n s  a r e  t h o r o u g h l y  de- 

t a i l e d  i n  t h e  c o l o r  p h o t o  ( F i g u r e  7 b )  w h i l e  t h e  b l a c k  and 

w h i t e  p h o t o  ( F i g u r e  7 a )  l a c k s  s e n s i t i v i t y  f o r  s a t i s f a c t o r y  I. 
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study of these regions. 

The above photographs indicate how a color Schlieren can 

show more details of the flow structure than a conventional 

Schlieren system.  For more cornpficated separating and re- 

attaching f l o w s  with accompanying viscous effects, the color 

Schlieren system becomes increasingly valuable. Without the 

added sensitivity o f  the color system, many details of these 

complex flows would  go unobserved. 
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Ccns+ruc+ ie f i  cf  Tri-Coior- F i  i f e r  

R e f r a c t i o n  P a t t e r n  f o r  T r i - C o l o r  S c h l i e r e n  System 

Mach 2.5 A i r  Flow about  a 0.75 Inch D i a m e t e r  Space 

Capsu I e Mode 1 

Mach 2.5 A i r  F 

Cy 1 i nde;t- Mode I 

Mach 2.5 A i r  F 

w i t h  a Notched 

o w  about  a 0.25 I n c h  D i a m e t e r  Cone 

w i t h  a 1.0 I n c h  D i a m e t e r  A f t e r b o d y  

o w  about  a 60° I n c l u d e d  A n g l e  Cone 

S u r f a c e  
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F i g .  5. Mach 2.5 A i r  F l o w  about a 0.7’5 ! n c h  
Diameter Space C a p s u  I e Model 



F i g .  5 .  Mach 2 . 5  A i r  Flow a b o u t  a 0 .25 Inch Diameter Cone  
C y 1  i n d e r  Mode l  w i t h  a I .O I n c h  D i a m e t e r  A f t e r b o d v  



F i g .  7 .  I'ach 2 . 5  .Air Flow a b o u t  a 6 0 "  l n c i i r d e d  
A n g l e  Cone w i t h  a N o t c h e d  S u r f a c e  


